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The excited-state photophysics of formylperylene (FPe) have been investigated in a series of nonpolar, polar
aprotic, and polar protic solvents. A variety of experimental and theoretical methods were employed including
femtosecond transient absorption (fs-TA) spectroscopy with 130 fs temporal resolution. We report that the
ultrafast intramolecular charge transfer from the perylene unit to the formyl (CHO) group can be facilitated
drastically by hydrogen-bonding interactions between the carbonyl group oxygen of FPe and hydrogen-donating
solvents in the electronically excited state. The excited-state absorption of FPe in methanol (MeOH) is close
to the reported perylene radical cation produced by bimolecular quenching by an electron acceptor. This is
a strong indication for a substantial charge transfer in the S1 state in protic solvents. The larger increase of
the dipole moment change in the protic solvents than that in aprotic ones strongly supports this observation.
Relaxation mechanisms including vibrational cooling and solvation coupled to the charge-transfer state are
also discussed.
Introduction
Photoinduced charge-transfer reactions between donor and
acceptor moieties in chemical systems provide a useful meth-
odology for exploring the reaction mechanism in DNA.1,2 In
particular, the interplay between charge transfer (CT) and
hydrogen (H)-bond formation is one of the most fundamental
issues in many chemical and biological phenomena.3-9 The
H-bonding interactions lead to significant changes in the excited-
state properties. For instance, intermolecular H bonding as a
site-specific interaction between hydrogen-donating solvents and
an acceptor dye has consequential influences in determination
of the structures and chemical reactivity of many aromatic
systems.10-13 Generally, in aromatic molecules which contain
carbonyl as an electron-acceptor site, the electron density on
the carbonyl group increases upon electronic excitation. As a
result, the intermolecular H bond with protic solvent molecules
is highly expected to be stronger in the excited state over that
of the ground state.14-17 Such strong H-bond formation in the
excited state can play a fundamental role for stabilization and
control of CT processes.16,18 It was proposed by Trifonov et
al.18 that the intramolecular CT from the donor moiety to the
acceptor group (commonly the carbonyl group) should be more
favorable in protic solvent than in aprotic ones because of a
proton-coupled electron-transfer process. It is also established
that on photoinduced charge-transfer reactions in some chemical
and biological systems the H bond can play an important role
in facilitating the transfer of an electron from the donor to the
acceptor.11,19,20 Recently, Kwok et al.19 have shown using time-
resolved infrared spectroscopy how the strong hydrogen-bonding
interactions in the electronically excited state make a substantial
contribution to the overall stabilization of the intramolecular
CT state.
Ultrafast laser spectroscopy has the power to track the
photophysical processes of the CT dynamics in the femto- (fs)
and picosecond (ps) domains. Here, the FPe is chosen for this
study because it is indeed an ideal system for a complete
understanding of the role of H-bond dynamics during the CT
process, because the carbonyl group is the only site which is
responsible for both H-bond formation and the acceptor site of
the charge-transfer process. Very recently, Zewail and co-
workers provided direct experimental evidence for a strong
negative charge on the CdO group of the FPe after optical
excitation that can be delocalized along new H-bond networks.10
In the present contribution, we report first results of fs-TA study
in a variety of polar and nonpolar solvents, showing a clear
signature for the substantial charge transfer from the perylene
moiety to the CdO group in the protic solvent. The excited-
state absorption is very similar to that of perylene and nitrop-
erylene radical cation generated upon bimolecular quenching
by tetracyanoethylene electron acceptor. This kind of informa-
tion cannot be obtained from the fluorescence spectroscopy.10
Moreover, the transient absorption data elucidate that the CT
character of the final state S1-Sn of FPe is highly sensitive
to the solvent polarity and H-bonded capability. Of equal
importance, the gas-phase molecular orbital calculation and
dipole moment estimation at the ground and excited states
are in accordance to the experimental results and strongly
support the important role of H bonding in the CT process.
Additionally, the vibrational energy levels of FPe have been
calculated, providing information about the influence of the
vibational cooling (intermolecular vibrational relaxation by
energy transfer to the solvent molecules) on the observed
spectral dynamics. Finally, the protonated species of FPe
formed in the electronically ground state was evidenced from
the steady-state fluorescence and excitation measurements and
from fs-TA data.
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Experimental Section
The steady-state absorption, emission, and excitation spectra
were recorded on conventional spectrometers (U-3310, Hitachi
and FluoroLog 3, Spex). The steady-state fluorescence spectra
were measured in a 1 cm quartz cell, using very low concentra-
tions with about 0.02 OD at the maximum of the lowest
absorption band of FPe, and the emission spectra are corrected
for the wavelength-dependent sensitivity of the detection.
Fluorescence quantum yield measurements were performed
using coumarin 153 as probe reference.21
We performed fs time-resolved TA by initiating the photo-
reaction with pump pulses at 390 nm and probing with white
light. The 390 nm pulses were produced by second-harmonic
generation of the fundamental output of the Ti:sapphire regen-
erative amplifier (Legend, Coherent, 1 mJ, 100 fs, 1 kHz, 790
nm). The energy per pulse at the sample was about 6-10 µJ.
The white-light continuum is generated by focusing the 790
nm pulse into a sapphire plate and used as a probe beam. The
probe beam was split before the sample into signal and reference
beams. Both the probe and the reference spectra of each laser
shot were analyzed by a spectrograph and detected by a CCD
camera that was synchronized with the laser system. The Kerr
gating signals of the solvents CHX, DCM, ACN, and MeOH
have been measured with exactly the same experimental
conditions. The obtained Kerr data were used to correct
the spectra from the chirp of the probing white light. Finally,
the pump polarization was rotated by a half-wave plate for the
pump-probe measurements under the magic-angle condition.
The details of the system are described elsewhere.22 Time-
correlated single-photon counting23 (Pico Quant GmbH, Berlin,
Germany) and streak camera22 (C4334, Hamamatsu) measure-
ments were carried out to determine the fluorescence lifetime
of FPe.
The self-consistent reaction field (SCRF) method with Gauss-
ian03 has been applied to calculate the radius of the spherical
cavity of FPe. The ground-state gas-phase geometry optimization
was performed at the density functional theory level (DFT) using
the B3LYP functional at basis set (6-31+G*). The excited-state
geometry is computed with (TD-DFT) using the same functional
and basis set as the ground-state calculations.
Formylperylene (FPe) was synthesized according to the
procedure reported in ref 24, and the pure product is obtained
by twice column chromatography on silica gel using CH2Cl2
as the eluent. The anhydrous solvents cyclohexane (CHX),
chloroform (CHCl3), dichloromethane (DCM), acetonitrile
(ACN), propanol (PrOH), ethanol (EtOH), and methanol
(MeOH) were purchased from (Wako, HPLC grade) and used
without further purification. The sample solutions were circu-
lated through a flow cell with 1 mm length to guarantee that
for every laser shot new sample volume was excited. The
concentration of FPe was adjusted to have an optical density in
the range of 0.1-0.2 at an excitation wavelength of 390 nm.
No significant sample degradation was observed after the
measurements. All experiments were performed at room tem-
perature (23 ( 2 °C).
Results and Discussion
Steady-State Spectra and TD-DFT Calculations. Figure 1
shows the absorption and emission spectra of FPe in CHX,
DCM, ACN, EtOH, and MeOH. The broad absorption band is
situated around 470 nm, which differs substantially from that
in the parent molecule perylene.25 Despite the absorption
spectrum being red shifted by about 45 nm with respect to the
S0-S1 transition of perylene, it still exhibits vibrational progres-
sion especially in CHX. It can be seen clearly in the left panels
of Figure 1 that the absorption maxima do not shift significantly
on going from lower to higher polar solvents. The gas-phase
TD-DFT calculation of FPe predicts that the first electronic
transition is at 481 nm, which is in good agreement with the
absorption maximum of FPe in CHX at 474 nm. Figure 2A
shows the frontier molecular orbitals of FPe (excited-state gas-
phase geometry was optimized using B3LYP/6-31+G*). The
electronic density at the CHO group is substantially larger in
the LUMO than that in the HOMO, providing a clear signature
for the CT character of the S0-S1 transition.
Figure 1. Steady-state absorption and emission spectra (λexc ) 390
nm) of FPe in CHX, DCM, ACN, EtOH. and MeOH. The dotted red
lines represent the emission spectra after 450 nm excitation where only
the neutral FPe absorbs.
Figure 2. (A) Highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of FPe. The CHO group
allows for better flow of the electron to the LUMO (charge density
movement from the perylene unit to the carbonyl group). (B) Excitation
spectra of FPe in MeOH at emission wavelengths of 545 (red) and
465 nm (green). The dashed curve is the absorption spectra of
protonated FPe in MeOH obtained at pH ≈ 2.
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In contrast, the change of the emission maxima is much more
pronounced than that of the absorption spectra. The fluorescence
spectra show a remarkable red shift with increasing solvent
polarity. The spectral maximum extends from 485 nm in CHX
to 548 nm in MeOH via 520 nm in ACN. In CHX the absorption
and emission spectra are approximately mirror symmetric,
indicating that the nuclear configuration of the FPe and its
surrounding CHX solvent remain close to that of the ground
state. They are very similar to those of the parent molecule
perylene except for the slight spectral red shift due to the
influence of the CHO group on the charge distribution of the
perylene unit.25 In polar solvents, the mirror symmetry between
absorption and emission spectra is broken and the fluorescence
spectra become broad and structureless (see the right panels of
Figure 1). It is widely accepted that the ICT mechanism is
responsible for such features, and it is commonly found in many
organic systems having electron-donor and electron-acceptor
sites connected to each other by a chemical bond.26-29 The gas-
phase TD-DFT calculations of FPe supports this explanation
quite well. The electronic density at the CHO group is
substantially larger in the LUMO than that in the HOMO. As
a consequence, we assigned this emission band to ICT from
the perylene unit to the CHO moiety, as assigned in a similar
type of organic molecules.27-29
The emission spectrum in MeOH is strongly red shifted and
much broader than that in ACN, which has a similar polarity.
The red shift of the emission maximum is about 1000 cm-1,
indicating that the emissive state (CT state) is significantly
stabilized in protic solvents. Of equal importance, observation
of the red spectral shift in EtOH (dielectric constant, ε ≈ 24.3)
compared to that in ACN (ε ≈ 37.5) supports the idea of the
substantial role of the H-bonding interaction between the
carbonyl group of FPe and the hydroxyl group of alcohols.
Recently, a similar feature has been reported by Heldt and co-
workers.9 They reported that the emission spectrum of 6-dode-
canonyl-2-dimethylaminonaphthalene (Laurdan) in EtOH is
situated at longer wavelengths than that of ACN, taking into
account that ethanol is less polar than ACN. They claimed that
the energy barrier for formation of the CT state is strongly
governed by the H bonding between the carbonyl oxygen of
Laurdan and ethanol.
Finally, the steady-state IR experiment can give insight into
the hydrogen-bonding interactions between the carbonyl group
and the hydrogen atom of the protic solvents. Vibrational spectra
of FPe in the electronic ground state are performed in CHX
and MeOD and provided a signature for complexation between
the CdO group and protic solvents.10 In addition, from the Keq
in binary mixtures it has been calculated that more than 70%
of FPe molecules form 1:1 complex with MeOH as reported
recently by Zewail and co-workers.10
Dipole Moment Estimation. Many authors assumed that the
large spectral shift of the emission spectra in polar solvents,
particularly in protic ones, is a result of a large increase in the
dipole moment of the aromatic dyes after optical excitation.14,15,30
This assumption led us to estimate the change in dipole moment
of FPe between the ground and the excited states by applying
the widely used Mataga’s equation,30-32 which is based on the
solvatochromic shifts of the absorption and emission spectra
as a function of the solvent polarity, which involves both the
dielectric constant (ε) and the refractive index (n)
where ∆ν is the Stokes shift in solution, a is the radius of the
spherical cavity, h is Planck’s constant (96.6 × 10-34 J ·S), c is
the velocity of light in vacuum (3 × 108 ms-1), ε is the dielectric
constant, n is the index of refraction, ε0 is the permittivity of
vacuum (8.8 × 10-12 F/m), ∆µ (µe - µg) is the change in dipole
moment between the ground and the excited states, and ∆f(ε,n2)
) {2(ε - 1)/(2ε + 1)} - {2(n2 - 1)/(2n2 + 1)} is the polarity
function. The values of the solvent properties and frequency of
the absorption and emission spectra as well as the Stokes shift
are listed in Table 1. By plotting the Stokes shift (∆ν) against
the polarity function ∆f(ε,n2) (see Figure 3) and inserting the
observed slopes (1920 and 7920 cm-1 for aprotic and protic
solvents, respectively) and the Onsager cavity radius (a ) 5.2
Å, obtained from quantum chemical calculations) in eq 1, the
dipole moment changes are estimated to be 7.5 and 14.8 D in
aprotic and protic solvents, respectively. On the basis of DFT
calculations for the ground state of FPe, the value of the ground-
state dipole moment µg is computed to be 4.8 D. Accordingly,
TABLE 1: Photophysical Parameters of Formylperylene at Different Solvent Polaritiesa
solvent νabs (cm-1) νem (cm-1) ∆νabs-em (cm-1) ε n ∆f(ε,n2) Φfl τfl (ns)
CHX 21 142 20 618 523 2.0 1.43 ∼0 0.86 5.1 ( 0.30
CHCl3 20 964 19 305 1659 4.8 1.45 0.293 5.9 ( 0.25
DCM 21 097 19 417 1679 8.9 1.42 0.437 6.1 ( 0.30
ACN 21 008 19 305 1703 37.5 1.34 0.614 0.68 5.5 ( 0.20
PrOH 21 368 18 762 2606 21.8 1.38 0.557 0.52 5.8 ( 0.30
EtOH 21 368 18 587 2781 24.3 1.36 0.578 5.2 ( 0.25
MeOH 21 459 18 382 3077 32.7 1.33 0.616 0.41 4.3 ( 0.15
a ∆f(ε,n2) ) {2(ε - 1)/(2ε + 1)} - {2(n2 - 1)/(2n2 + 1)} (polarity function). ∆νabs-em ) Stokes shift. ε ) dielectric constant. n ) index of
refraction. Φfl ) fluorescence quantum yield (λex ) 415 nm) using Coumarin 153 as reference.21 τfl ) fluorescence liftime.
Figure 3. Stokes shifts as a function of the polarity function ∆f(ε,n2)
) {2(ε - 1)/(2ε + 1)} - {2(n2 - 1)/(2n2 + 1)} in selected solvents,
CHCl3, DCM, and ACN (aprotic solvents) and PrOH, EtOH, and MeOH
(protic ones). The slopes of the lines are 1920 and 7920 cm-1 for aprotic
and protic solvents, respectively.
∆V ) (1/πε0hca3)(∆µ)2∆f(ε,n2) + constant (1)
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the excited-state dipole moment µe is estimated to be 12.3 and
19.6 D for aprotic and protic solvents, respectively. This
observation suggests a higher polarity of the S1 state of FPe as
compared to that of the ground state. The large dipole moment
in protic solvent explained also the larger spectral red shift of
the CT emission compared to aprotic solvent. This big difference
in the dipole moment change of FPe reflects that the charge
redistribution in the excited state is quite different in aprotic
compared to that in protic solvents. This is again due to the
H-bonding interaction between the carbonyl oxygen and the
O-H group of the alcohols.
Ground-State Protonated FPe. Interestingly, in protic
solvent there is another fine structure emission band located at
higher energy around 450 nm. The band is very similar to the
emission spectra of the parent molecule perylene.25 One possible
explanation for the high-energy emission band is that protonation
of the CHO group takes place in the ground state. The pro-
tonation process is shown in Scheme 1. Protonation of the CHO
group can suppress the CT behavior of the system. The HCdO
bond becomes +CH-OH, which is decoupled from the aromatic
moiety, and thus, the first transitions are located in the perylene
core, resulting in the emission spectra from the LE state. Strong
support for this assignment is obtained from the excitation
spectra of FPe in MeOH. The excitation spectra were recorded
at two emission wavelengths at 465 and 545 nm. The position
and shape of the excitation spectra are completely different from
each other, indicating the presence of more than one ground-
state species. The excitation spectrum recorded at 465 nm is
exactly the same as the absorption spectrum of protonated FPe
obtained at low pH ≈ 2 (see Figure 2B). More support for this
assignment is observed from femtosecond TA experiments (see
below). More importantly, the emission spectra of FPe in MeOH
and EtOH at 450 nm excitation (where only the neutral FPe
absorbs; see Figures 1 and 2B) exhibits only one emission band
around 540 nm assigned to emission from the CT state, and
emission from the LE state around 450 nm is completely
missing, excluding the excited-state proton transfer from MeOH
or EtOH to FPe within the excited-state lifetime of the FPe
molecules.
Time-Resolved Measurements. TA spectra of FPe measured
in different solvent polarity at 390 nm optical excitation (after
solvation dynamics is vanished) are shown in Figure 4. The
transient spectra exhibit strong negative bands located around
520 and 470 nm and a broad positive band in the 500-690 nm
region. The negative absorption bands can be attributed to
stimulated emission and ground-state bleach of FPe, respec-
tively. The positive band can be assigned to the excited-state
absorption S1-Sn. In MeOH and EtOH another excited-state
absorption band centered at 700 nm is observed and can be
safely assigned to the locally excited state.33 This excited-state
absorption band is identical to the one observed by optical
excitation of the protonated FPe in MeOH obtained at low pH
≈ 2 (see Figure 4F). This observation is a strong indication for
the presence of a fraction of FPe in the protonated form in
equilibrium with hydrogen-bonded FPe in the ground state (see
Scheme 1). The result is very consistent with the excitation
spectrum recorded at 465 nm. In CHX, the TA spectrum is very
different from polar solvents (see Figure 4A). It is relatively
narrow and red shifted compared to spectra in polar solvents.
The shape of the excited-state absorption is very similar to the
ESA of the parent molecule perylene but blue shifted by about
50 nm.33 This shift is assumed to be due to the influence of the
electron-acceptor CHO group on the charge distribution of the
perylene unit. Figure 4 also shows a strong solvent dependence
of the transient absorption spectrum. After the spectral dynamics
have vanished and a fully relaxed excited CT state is formed,
the TA spectrum is located at 655 nm in CHX, 620 nm in DCM,
605 nm in ACN, 584 nm in EtOH, and 565 nm in MeOH. This
observation indicates that the S1-Sn transition energy increases
on going from nonpolar to polar solvents, reflecting the CT
character of the final state of S1-Sn increasing with increasing
solvent polarity.
As stated above, S1 of FPe has CT character upon electronic
excitation. In this case, the solvation should play a significant
role in the relaxation dynamics of the excited state. Figure
SCHEME 1: Molecular Structures of H-Bonded FPe and
Protonated FPea
a The dotted line shows the hydrogen-bond formation between MeOH
and the carbonyl group of FPe and the H-bond networks between
solvent molecules.
Figure 4. Transient absorption spectra recorded at a 120 ps time delay
after 390 nm excitation of FPe in CHX (A), DCM (B), ACN (C), EtOH
(D), and MeOH (E). The transient spectra show clearly how the CT
state can be stabilized to lower energy on going from nonpolar to polar
ones, particularly in protic solvents EtOH and MeOH. For comparative
purposes, the transient absorption spectra recorded at 120 ps after 390
nm excitation of protonated FPe in MeOH obtained at low pH ≈ 2 are
depicted in F. Finally, the spectra are offset for clarity.
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5B-D shows clearly spectral dynamics of the CT state; the peak
position of the ESA band changes to lower wavelength. We
interpret this feature to the solvation phenomenon, and it is
essentially complete within subpicoseconds to a couple of tens
of picoseconds after optical excitation, depending on the solvent
used. For instance, it is extremely fast in ACN compared to
other solvents. The spectral dynamics and magnitude of the
change in the dipole moment after electronic excitation are the
most important parameters to determine the nature of the ex-
cited-state absorption (locally excited LE or CT states). Ac-
cordingly, the spectral dynamics is strong support for the
assignment of the band between 630 and 500 nm to the CT
state (large spectral dynamics) and the band at 700 nm to the
locally excited state (no spectral dynamics). In general, it is
well accepted that electronic excitation from the S0 to the higher
excited state is accompanied by a change in the permanent
dipole moment of the molecule. With this new dipole moment
in the excited state the solute-solvent system does not exist in
equilibrium anymore compared to the ground-state situation.
The solvent molecules start to move and reorient themselves to
adapt the excited molecule to a new equilibrium situation.
Interestingly, from the shift in the peak position toward shorter
wavelength of ESA in MeOH compared to that in ACN (which
have similar dielectric properties), see Figure 5B and 5D, one
can clearly observe huge spectral dynamics in MeOH which is
more than 2000 cm-1. In contrast, only a couple of hundreds
wavenumbers have been observed in ACN. The absence of the
huge spectral shift in ACN compared to that in MeOH indicates
that part of the spectral shift originates from MeOH-specific
solute solvent interactions. More importantly, the transient
absorption spectrum in MeOH is close to that of perylene cation
radical produced by bimolecular quenching by an electron
acceptor.33-35 This observation provides clear evidence for the
substantial charge transfer from the perylene moiety to the CdO
group in the protic solvent MeOH. A possible explanation for
this observation is that upon optical excitation of FPe, the
negative charge on the CdO group increases. As a result, the
binding interaction between the CdO group and the protic
solvent becomes much stronger (than in the ground state) and
the negative charge on the CdO group can be delocalized not
only along H bonds which are directly bonded to the CdO but
also along H-bond networks between solvent molecules. As a
consequence, the CT state can be facilitated or assisted in such
protic solvents. Our results are very consistent with the H-bond-
assisted charge-transfer mechanism suggested by Fiebig and co-
workers.18 They proposed that the H-bonding interactions
between the carbonyl oxygen of pyrene-labeled DNA base and
MeOH are capable of driving the charge from the donor to the
acceptor site. In our case, the development of the excited-state
absorption in MeOH will reach the final position (fully relaxed
CT state) in 16.5 ps. This time scale originates from H-bond
networks readjustment around the specific site CdO group in
the electronically excited state.10 It is important to note that this
component is absent when there is no CdO group as in the
case of nitroperylene,29 where the specific interaction is ef-
fectively weakened due to the twisting motion of the nitro group
relative to the aromatic plane. In addition, in nitroperylene29
and aminoperylene26 the steady-state fluorescence and excited-
state absorption bands are located almost at the same wavelength
position in MeOH and ACN (similar dielectric properties but
different H-bonding affinities), unlike the situation with the FPe
where one can clearly observe a huge additional spectral shift
in MeOH compared to that in ACN (see Figures 1 and 4),
indicating that the CdO group and H-bond dynamics are the
key for this component.
Taking into account that an excess energy of about 4500 cm-1
is put into the system (FPe) relative to the electronic origin
transition around 475 nm, we calculated the vibrational energy
level S1(V ) 0) state in CHX to be 20 920 cm-1 (from the
intersection point of the normalized absorption and emission
spectra of FPe in CHX). The excitation of FPe at 390 nm
(energy of photon is 25641 cm-1) brings FPe in a higher
vibrational level S1 (V > 0) by about 4720 cm-1 than the zero
vibrational level of S1. As a result, the vibrationally hot
molecules in the S1 state can transfer its excess energy to solvent
molecules (vibrational cooling) due to the coupling with nearby
solvent molecules, which typically occurs on a time scale of
5-30 ps.36,37 The vibrational cooling can cause a spectral shift
to lower wavelength. However, the spectral shift in CHX (on
20 ps time constant, typical for cooling rate) is only 70 cm-1
(see Figures 5A and 6A). As a consequence, we can conclude
that the vibrational cooling here has only a minor effect on the
spectral dynamics of the ESA band and the major role is due
to the solvation processes.
Figure 6 shows the time dependence of the CT band
maximum of FPe in CHX, ACN, EtOH, and MeOH. The
magnitude of the observed shift strongly depends on the solvent
polarity and the H-bond capability. It ranges from ∼400 cm-1
in DCM to slightly over 2000 cm-1 in protic solvent MeOH.
The dynamics occur on very different time scales depending
on the solvent and fit very well with two exponentials, whose
time constants are depicted in the figure. The time constants
agree well with the solvation times reported by Maroncelli and
co-workers for coumarin 153 in the same solvents.38 The fast
Figure 5. Normalized transient absorption spectra recorded at different
time delays after 390 nm excitation of FPe in CHX (A), ACN (B),
EtOH (C), and MeOH (D). One can clearly see the huge spectral
dynamics in MeOH (more than 2000 cm-1) of the CT state due to
site-specific H-bonding interactions with the carbonyl oxygen of FPe.
All the time delays between the pump and the probe are indicated in
the figure.
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solvation time constant is due to the ultrafast solvent inertial
relaxation (librational motion) and is very difficult to be totally
resolved here because it occurs within our time resolution (130
fs), and the slower component is attributed to the diffusive
structural reorganization of the solvent molecules around the
excited dye.
As mentioned above, the largest spectral shift of the CT band
of FPe is observed in EtOH and MeOH and attributed to the
H-bonding interaction between the solute and the solvent. The
H-bonding interactions between the chromophore and the sol-
vent are very sensitive to the solvent-solvent interactions and
solute-solvent orientation in the electronically ground state.19,20
For instance, the MeOH-MeOH molecules are tied by strong
H-bond networks, so they need a long time to move and
rearrange themselves to new equilibrium positions around the
excited molecule after electronic excitation. The time scale of
solvent-solvent bond breaking and rotational motion have been
estimated by several groups to be about 16 and 30 ps in MeOH
and EtOH, respectively,20,38,39 in perfect agreement with the
measured time scale in this study. Moreover, Yoshihara and
co-workers40 applied time-resolved infrared spectroscopy (a very
sensitive tool to monitor the local solute-solvent interactions).
They claimed that the slower component of the H-bond
dynamics of coumarin-102 (C-102) in protic solvents is assigned
to the diffusive restructuring of the first solvation shell around
the carbonyl group of C-102 in the S1 state. It is also reported
by Shynkar et al.16 that the excited-state intermolecular H
bonding between the carbonyl oxygen of 3-hydroxy flavones
and the alcohol can strongly shift to a new H-bonding
equilibrium after solvent-solvent bond breaking and solvent
reorganization around the specific site of the excited molecules.
Concluding Remarks
The effects of the solvent polarity and H-bond interactions
on the ground- and excited-state properties of FPe were
investigated using a variety of experimental and theoretical
methods including fs-TA spectroscopy. A site-specific hydrogen-
bonding interaction of FPe with the protic solvent leads to a
significant stabilization of the emitting state of the FPe as
reflected in the additional spectral red shift of the emission
spectra in MeOH with respect to ACN. The large increase in
the dipole moment upon excitation is likely caused by the charge
redistribution in the excited state due to charge transfer from
the perylene moiety (rich electron donor) to the electron-acceptor
group (CHO). In femto- and picosecond time domains, we report
the first results of a TA study of FPe in solvents of different
polarities and H-bonding capabilities. TA data elucidate how
the H-bond dynamics significantly influence the relaxation
process of the CT state of FPe. The spectral dynamics (the shift
of the peak position of the CT band) was well fitted using two
exponential functions. The fast component accounts for the
inertial solvent relaxation, while the slower one is attributed to
the diffusive structural reorganization of solvent molecules. The
spectral dynamics observed on slow time scales (16.5 ps in
MeOH and 29.7 ps in EtOH) is attributed to the solvent-solvent
bond breaking and readjustment of the H bonds around the
carbonyl group of FPe in order to accommodate new excited-
state equilibrium. This is consistent with the fact that the
electronic excitation causes significant changes in the charge
distribution of the carbonyl group which leads to changes not
only in the orientation of the solvent molecules that are directly
bonded to the carbonyl oxygen but also the H-bond networks
between solvent molecules. More importantly, in MeOH the
excited-state absorption spectrum after complete relaxation is
very similar to the perylene and nitroperylene cation radical
generated by bimolecular quenching via an electron acceptor.
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